We set out to identify molecular mechanisms underlying the onset of necrotic Ca 2 þ overload, triggered in two epithelial cell lines by oxidative stress or metabolic depletion. As reported earlier, the overload was inhibited by extracellular Ca 2 þ chelation and the cation channel blocker gadolinium.
Introduction
Necrosis, sometimes termed oncosis, is the mode of cell death that prevails under severe pathological conditions such as ischemia, anoxia, trauma and acute microbial infection. 1 In addition to its pathogenic role, necrosis is instrumental for the efficient activation of the immune response against microorganisms and tumour cells, so it may be considered 'physiological' in the broadest sense of the term. Characterized by metabolic collapse, swelling of cytosol and organelles, membrane blebbing, activation of proteolytic enzymes and ultimately by cell lysis, it is becoming accepted that necrosis is not a chaotic process but a predetermined cascade of well-defined biochemical events. [2] [3] [4] Ca 2 þ overload is a key feature of cell necrosis, a fact underscored by the strong protection afforded by withdrawal of extracellular Ca 2 þ , chelation of intracellular Ca 2 þ or inhibition of Ca 2 þ channels and transporters. 5, 6 The Ca 2 þ rise that precedes necrosis is typically biphasic. In the first 5 min, the concentration of Ca 2 þ in the cytosol doubles to a new steady state at about 200 nM, a metastable phase that lasts for 10-30 min. In HeLa cells, MDCK cells and human erythrocytes exposed to high concentrations of hydrogen peroxide, the early phase involves GSH-sensitive release of Ca 2 þ from cytosolic sites. 7 In the second phase, cytosolic Ca 2 þ rises steadily to reach mM levels before disruption of the cell membrane. Variously termed regenerative Ca 2 þ rise, unregulated Ca 2 þ increase or delayed Ca 2 þ overload, the secondary phase requires the presence of extracellular Ca 2 þ , which is thought to enter the cytosol through channels and transporters. Cell surface examples are the Na þ /Ca 2 þ exchanger (NCX) cycling in its reversed mode, voltageoperated Ca 2 þ channels (VOCC) and several Ca 2 þ -permeable cation channels of recent description. 5, [8] [9] [10] Regardless of the entry pathway, sustained high levels of cytosolic Ca 2 þ are toxic, leading to mitochondrial disruption, further activation of ion channels and activation of degradative enzymes including proteases, lipases, ATPases and DNAses. 6 However complex the Ca 2 þ overload becomes as it evolves with time, the number of mechanisms at work is likely to be minimum at its onset, that is, when Ca 2 þ levels are still within physiological range. With this in mind, we set out to identify biochemical mechanisms associated with the onset of the delayed Ca 2 þ overload in epithelial cells. Several groups, including our own, had reported the early activation of ion channels that pass Na þ , K þ and Cl À during necrosis and thus we hoped to discover a role for Ca 2 þ -permeable cation channels, such as those evidenced in pancreatic cells and neurons under stress. 8, 9 However, the experiments showed that during the early overload, Ca 2 þ permeability was reduced and that the Ca 2 þ overload was explained by a collapse in Ca 2 þ extrusion by the plasma membrane Ca 2 þ ATPase (PMCA). Most interestingly, the PMCA collapse was only functional and required the activity of the Na þ /K þ pump, a reversible mechanism that contrasts with the permanent inactivation of the PMCA by caspases and calpain observed in later stages of apoptosis and necrosis. 11 This inhibitory crosstalk between the two cation pumps provides a novel mechanistic explanation for the long known pro-necrotic effect of Na þ . Part of this work was presented in an abstract form (Mechanism of Cell Death: Molecular Insights and Therapeutic Perspectives, Reñ aca, Chile, April 2005).
Results
The study was based on HeLa cells, a well-known epithelial cell line in terms of Ca 2 þ homeostasis and cell death. Some experiments were reproduced in MDCK, a more differentiated epithelial cell line. Ca 2 þ overload was triggered by oxidative stress and metabolic stress, and both stimuli induced similar mechanisms. Previously, we reported that the induction of necrotic changes in time frames similar to those observed in acute human pathologies, including early Ca 2 þ rise (o1 min), ATP depletion (about 1 min), mitochondrial depolarization (20-30 min) , necrotic bleb formation (60 min) and cell lysis (2-3 h), requires over 10 mM hydrogen peroxide. 7, 12 In HeLa cells and several other cell lines, this relative resistance to hydrogen peroxide results from their enrichment in glutathion. 7 To allow direct comparison with two previous studies of HeLa and MDCK cells, 7, 12 the concentration of hydrogen peroxide chosen to induce necrosis was 32 mM throughout the study. Control experiments were described in previous reports 12 and also in Materials and Methods, which discard possible interference between peroxide and the fluorescent dyes.
In response to oxidative stress, HeLa cells reacted with a biphasic increase in cytosolic Ca 2 þ (Figure 1a) . Reportedly, the first phase of the rise is caused by GSH-sensitive release of Ca 2 þ from cytosolic moieties. 7 Here, we focused on the second phase, the delayed or regenerative phase of Ca accumulation, nor precluded onset of the overload in the less responsive cells (Figure 1c) . Hence, the delayed Ca 2 þ overload does not require the continuous presence of the oxidant. This observation was of operational importance because it allowed some experiments to be carried out in the absence of peroxide (see below). In the presence of ethyleneglycol-bis(b-aminoethyl ether)-N,N,N 0 N 0 -tetraacetic acid (EGTA), the second phase of the Ca 2 þ rise did not occur (Figure 1d ), pointing to an extracellular source. Reduction of extracellular Ca 2 þ from 1.25 mM to 50 mM inhibited peroxideinduced necrosis by 71715 [n ¼ 3]%. Once started, the increase in cytosolic Ca 2 þ was reverted both by a low-Ca 2 þ medium or by the broad-specificity non-permeant cation channel blocker gadolinium (Figure 1e and f). These experiments confirmed that the delayed Ca 2 þ rise induced by oxidative stress requires extracellular Ca 2 þ and indicated a possible role for gadolinium-sensitive Ca 2 þ channels. Plasma membrane permeabilization, the final event in necrotic cell death, began 2 h after continuous exposure to H 2 O 2 ( Figure  2a and b). However, a protocol of transient exposures showed that 20-40 min were sufficient to commit the cells to necrosis (Figure 2c ). Thus, commitment roughly coincided with the onset of delayed Ca 2 þ overload ( Figure 1b ). Cell swelling, also termed necrotic volume increase (NVI), is one morphological feature that differentiates necrosis from apoptosis. 4, 13 In the later stages of the necrotic process, large blebs grow monotonically until the plasma membrane is disrupted, 12 but it is not clear when NVI starts and how it relates to the Ca 2 þ rise. This is particularly true for adherent cells in which cell volume cannot be inferred from cell diameter. To address the issue, we first tried to measure relative volume by confocal microscopy in calcein-loaded HeLa cells, but found that oxidative stress led to rapid dye loss, precluding accurate measurements over extended periods (data not shown). For this reason, a method was developed to measure absolute volume based on threedimensional confocal reconstructions of HeLa cells stained with a lipophylic dye. The data presented in Figure 3 show that NVI begins earlier than the delayed Ca 2 þ overload. Because Na þ is the main effective osmolyte of the extracellular milieu, this result suggested a Na þ gain before the Ca 2 þ gain. By 60 min, cells have swollen by 25% and blebs become apparent (Figure 3 ), which is in register with previous measurements using phase contrast microscopy. 12 The absence of an early shrinkage indicates that the Na þ gain outweighs the severe K þ loss that characterizes oxidative stress.
14 To our knowledge, this is the first report of real-time volume measurements during oxidative stress in adherent cells. Consistent with the early swelling, significant increases in cell Na þ ( Figure 4a ) and Na þ permeability ( Figure 4b ) were detected early during oxidative stress. Of note, Na þ replacement by K þ precluded the delayed Ca 2 þ rise (Figure 4c ), whereas Na þ withdrawal during the Ca 2 þ rise effectively reverted the rise (Figure 4d ). HeLa cell necrosis was significantly inhibited (%) by equimolar replacement of extracellular Na channels. [8] [9] [10] However, the Ca 2 þ permeability measured with a radioactive tracer was lower than control (Figure 5a ), a result that was confirmed independently by a decrease in the rate of Mn 2 þ uptake (Figure 5b ), a divalent that permeates through Ca 2 þ channels. The permeability to divalents was not affected by peroxide removal (Figure 5c ), consistent with the lack of effect of such a manoeuvre on the observed rate of Ca 2 þ accumulation (see Figure 1c ). With enhanced Ca 2 þ influx no longer a feasible explanation for the overload, experiments were carried out to check Ca 2 þ extrusion. First, the clearance capacity of the cell was evaluated in response to the sudden increase in cytosolic Ca 2 þ that follows mechanical stimulation. Figure 6a shows that in HeLa cells, mechanical stimulation induced a rapid and reproducible increase in cytosolic Ca 2 þ to about four times the basal value. Assuming a K D of 1 mM and a basal Ca 2 þ concentration of 100 nM, 12 it can be calculated that the peak reached approximately 600 nM. In control cells, this load was typically cleared within 2 min (Figure 6a ). In the presence of peroxide, clearance became slower over time (Figure 6b and c). In agreement with the accepted notion that mitochondria do not play a significant role at low Ca 2 þ concentrations, uncoupling of the mitochondria with FCCP did not significantly affect the rate of clearance (Figure 6d ). Because the Ca 2 þ pump at the endoplasmic reticulum also requires higher Ca 2 þ levels for activation, these experiments suggested that the PMCA was the likely target of oxidative stress. To demonstrate this point, PMCA activity was measured using fluorescence microscopy. 15 In Figure 7a , the protocol was repeated several times, demonstrating reproducibility of the measurement over a long period. Then, it quantitatively demonstrated that stressed cells lose most of their PMCA activity over the first 30 min of injury (Figure 7b and c).
Knowing that Na þ overload was required for Ca 2 þ overload and that the latter was due to PMCA failure, attention became focused on the mechanistic link between Na þ and Other than promoting cell depolarization and Ca 2 þ entry, Na þ can be toxic at several levels, for example by inducing mitochondrial depolarization, activating second messengers or even inducing the K þ loss that mediates apoptosis. 16 The experiments illustrated in Figure 8 show that in HeLa cells exposed to oxidative stress, the inhibition of the PMCA and the ensuing Ca 2 þ overload are due to the activity of the Na þ /K þ pump. Figure 8a shows that inhibition of the Na þ /K þ pump with ouabain caused a 30-fold increase in PMCA activity, reaching 60% of the rate observed in healthy cells (inset). This result is remarkable because in HeLa cells exposed to this concentration of peroxide, bulk ATP levels plummet with a half-time of 2 min, becoming undetectable at 15 and 30 min. 12 As expected from the rescue of PMCA activity, inhibition of the Na þ pump effectively reverted the Ca 2 þ rise (Figure 8b and c). Rubidium uptake experiments showed that oxidative stress induced only a moderate decrease in the activity of the Na þ /K þ pump, which stabilized at 50% of control value after 15 min (Table 1) . Therefore, oxidative cell injury did not cause permanent damage of the PMCA and the activity of the Na þ /K þ pump somehow interfered with the PMCA. Consistently, ouabain inhibited HeLa cell necrosis by 4175 [3] %. In summary, the activity of the Na þ /K þ pump causes PMCA inhibition, which results in regenerative Ca 2 þ overload and cell death. To investigate whether a similar mechanism was at work in other models of necrotic cell death, experiments were carried out in HeLa cells exposed to metabolic stress, brought about by simultaneous inhibition of glycolysis and mitochondrial respiration. Figure 9 shows that metabolic depletion caused a biphasic Ca 2 þ rise similar in amplitude and time course to that elicited by oxidative stress. As with oxidative stress, the secondary Ca 2 þ overload required extracellular Ca 2 þ and was preceded by Na þ overload (Figure 9a and b) . Again, the Ca 2 þ overload evolved with reduced surface permeability to divalents (Figure 9c) , was fuelled by Na þ but not by K þ (Figure 9d ), and was inhibited by ouabain or potassium withdrawal (Figure 9e and f). Therefore, it seems apparent that the delayed Ca 2 þ overload in response to metabolic stress obeys mechanisms similar to those induced by oxidative stress. Furthermore, the delayed Ca 2 þ overload elicited by oxidative stress in MDCK, a kidney cell line, behaved in a similar manner (Figure 10 ), suggesting that the underlying mechanism is not constrained to a single cell line.
An economical explanation for the inhibitory effects of Na þ removal and Na þ /K þ pump inhibition is that the onset of Ca 2 þ overload is triggered by the activity of the Na þ pump. But one problem with this hypothesis is that at about 100 mM, the ATP affinity constants of both pumps are similar, meaning that as the concentration of ATP approaches the low micromolar level, both pumps should be inhibited to the same extent. So, how can the cells keep pumping Na þ (and using ATP) while failing to pump Ca 2 þ ? In the absence of a kinetic explanation, we analysed the thermodynamics of ion pumping. The time course of the free energy required for Na þ /K þ pump cycling was calculated from the intracellular concentrations of Na þ and K þ , estimated with SBFI. In the same cells, the free energy for PMCA cycling was obtained from cytosolic Ca 2 þ concentration with Fluo-3, which was calibrated with Mn 2 þ as described in Materials and Methods. These three ions bear most of the weight when calculating the electrochemical potentials involved in ion pumping. Membrane potential and intracellular [H þ ], the other two variables to be considered, were estimated in parallel experiments and introduced into the respective equations (see Materials and Methods). Note that typical ATP phosphorylation potentials in healthy cells are more negative than À14 kcal/mol. The results, illustrated in Figure 11 , reveal a marked difference between the two pumps. Product of the rapid dissipation of the gradients of Na þ and K þ , the free energy required for Na þ / K þ pump cycling becomes progressively smaller. In contrast, the free energy required for PMCA cycling remained constant in injured cells, because the large Ca 2 þ gradient that characterizes viable cells remains almost intact even during the first minutes of the delayed Ca 2 þ overload, so that the slight increase in cytosolic Ca 2 þ was roughly cancelled out by the increase in [H þ ]. As a result, after 20-30 min peroxide exposure, the curves intercept (arrow in Figure 11 ), defining two periods of injury progression. In the first period, before the intercept, a putative drop in ATP concentration will first inhibit the Na þ pump and then the Ca 2 þ pump. During this first period, a fall in cell energy charge that is severe enough to inhibit the PMCA will also stop the Na þ /K þ pump. This makes 
the Na þ pump to outcompete the PMCA for ATP phosphorylation potential. In contrast, during the second period, from the intercept onwards, it becomes cheaper to pump Na þ /K þ than Ca 2 þ /H þ , so a drop in ATP will first inhibit the PMCA. Because Na þ pumping can proceed at very low ATP phosphorylation potentials, for example, À4 kcal/ mol, it then becomes feasible for the Na þ /K þ pump to behave as a low ATP clamp. With energy charge below the minimum PMCA requirement, the Ca 2 þ that enters the cell will not be extruded, leading to the delayed Ca 2 þ overload. The effective reversal of PMCA inhibition and Ca 2 þ overload afforded by ouabain and zero potassium strongly suggests that the mechanism keeping the energy charge below the PMCA requirement is indeed the Na þ /K þ pump, a phenomenon made possible by the severe Na þ overload and K þ depletion.
Discussion
The main finding of this work is a novel sequence that involves Na þ influx, Na þ /K þ pump activity, functional inhibition of the PMCA and Ca 2 þ overload ( Figure 12 ). This cascade provides a new mechanistic explanation for the permissive role of Na þ in epithelial cell necrosis 17, 18 and lengthens the growing list of Na þ toxicity mechanisms (Sheldon et al. 19 and references therein). This mechanism differs from that in textbooks, 20 which pose the Ca 2 þ overload downstream of reversed NCX or activated VOCCs. 21 However, the two pathways are not necessarily exclusive.
The sequence begins with increased Na þ influx, which together with a moderate decrease in Na þ . The mechanism of this K þ loss is currently under investigation. The molecular mechanism of the Na þ influx is also beyond the scope of the present report, but the dissociation observed between Ca 2 þ entry and Na þ entry suggests that the pathway responsible for the latter is monovalent-selective.
We know from previous work in epithelial cells that prime candidates are the Na þ /H þ exchanger, Na þ channels and monovalent-selective cation channels. 4, 17, 18, 22 While Na þ was still rising, cytosolic Ca 2 þ stabilized at about two-fold the initial value, owing to a dynamic balance between decreased buffer capacity, 7 decreased entry and decreased extrusion. Initially, the steady state was robust, as evidenced by its response to perturbation (Figure 6 ), but 20-40 min later, the steady state was broken and Ca As demonstrated by its sensitivity to gadolinium and extracellular Ca 2 þ chelation, the source of this Ca 2 þ rise was the extracellular space and not the endoplasmic reticulum, the mitochondria or other intracellular stores. [23] [24] [25] Surprisingly, Ca 2 þ permeability during stress was found to be lower than control, ruling out a significant role for newly activated surface Ca 2 þ channels or reverse NCXs. The underlying mechanism was clarified when PMCA activity was found to collapse approaching the onset of the Ca 2 þ rise. Thus, Ca 2 þ rose in the face of reduced Ca 2 þ entry because Ca 2 þ extrusion decreased to an even larger extent. Incidentally, reduced Ca 2 þ permeability has also been reported in hypoxic kidney tubules, where it was ascribed a protective role. 26 In contrast to the permanent inactivation of the PMCA by thiol modification 27 or proteolytic cleavage, 11 the fall in PMCA activity early during stress was reversible. Resistance of the PMCA and other Ca 2 þ pumps to hydrogen peroxide has been reported earlier, 25, 28 which for the PMCA is conferred by calmodulin. 29 As the functional inhibition of the PMCA was abolished in the absence of Na þ , in the absence of extracellular K þ or in the presence of ouabain, it was concluded that PMCA inhibition required Na þ /K þ pump activity. In accordance with a key role for Na þ /K þ pumpmediated PMCA inhibition in the progression of the delayed Ca 2 þ overload, blockage of the Na þ /K þ pump also protected against necrosis. In addition to the observed decrease in Ca 2 þ permeability, a putative role for reverse Na þ /Ca 2 þ exchange in the Ca 2 þ overload was discarded, as the Ca 2 þ rise was inhibited instead of being stimulated by rapid extracellular Na þ removal. Other than the cascades illustrated in Figure 12 , Ca 2 þ overload may result from the activation of Ca 2 þ -permeable channels, some of which have been characterized at the molecular level.
9,10,30 Our data do not rule out a role for these channels at later stages of epithelial necrosis, but suggest that they are not relevant for its onset, at least in the cell types and conditions presented here. The same can be said for intracellular Ca 2 þ sources such as mitochondria 23 and endoplasmic reticulum. 24, 25 In the absence of evidence for direct interaction between the Na þ /K þ pump and the PMCA, we speculate that metabolic crosstalk is the most economical hypothesis to account for our data. With the caveat that fluorescence measurements do not provide information on local ion concentrations, a calculation of the free energies involved in pumping shows that in healthy cells, a sudden fall in energy charge would always starve the Na þ pump before the PMCA (Figure 11 ). This is true even if energy depletion were due to the activity of the Na þ pump itself, for its ATPase activity will cease at ATP phosphorylation potentials less negative than À10 kcal/mol. For instance, at À4 kcal/mol, both pumps will be fully inhibited or reversed. Different however is the situation in Na þ -loaded cells, where the energy required to sustain Na þ pumping decreases considerably. For instance, in the experiment depicted in Figure 11 , if after 60 min of injury the ATP phosphorylation potential were À4 kcal/mol, the Na þ pump would still be cycling (and using ATP), whereas the PMCA would have stopped or even reversed, becoming an ATP source. Information on the ATP hydrolysis potential in the vicinity of the ion pumps is not available, but it appears that at the onset of the Ca 2 þ overload, it must be less negative than the À6 kcal/mol required by the PMCA. Thus, it appears likely that the Na þ /K þ pump inhibition by ouabain or K þ removal increases the local availability of ATP phosphorylation potential, causing the PMCA to restart and revert the overload. This phenomenon bears some analogy to the subclavian 'flow steal' syndrome, a clinical condition in which a stenosis proximal to the branching of the vertebral artery allows the exercising arm to 'steal' blood flow from the brain by virtue of its lower input resistance (i.e. lower free energy). For this reason, we have used the term 'ATP steal' for the 19, 31 Owing to its inhibition of glycolysis and oxidative phosphorylation plus activation of ATP usage by poly (ADP ribose) polymerase, hydrogen peroxide causes severe ATP depletion. 3, [32] [33] [34] A role for the Na þ /K þ ATPase as a significant ATP sink in H 2 O 2 -exposed cells was previously discarded in endothelial cells based on the failure of ouabain to rescue the ATP depletion. 35 Using HeLa-LUC, a cell line permanently transfected with firefly luciferase, we have confirmed that after 30 min of oxidative or metabolic inhibition, bulk ATP levels are very low 12 and that the ATP depletion is refractory to the addition of ouabain (I Ruminot et al., unpublished data). However, at that time, there remains a surprisingly high Na þ /K þ ATPase activity (50% of control). Moreover, ouabain was able to unveil a robust PMCA activity (60% of control). It follows that a local source of ATP is readily available to the pumps with little incidence on bulk ATP, a source that in Na þ -loaded cells is monopolized by the Na þ /K þ pump to the detriment of the PMCA. This contention appears reasonable in light of existing evidence for the presence of a membrane-associated ATP pool and the preferential delivery of glycolytic ATP to both cation pumps. [36] [37] [38] In this study, the delayed Ca 2 þ overload was elicited in HeLa cells by two different protocols. The Ca 2 þ overload was also studied in MDCK cells. In all cases, overload onset responded to the same basic mechanism. In addition, a previous report suggests that ATP steal may not be restricted to epithelial cells. On studying the effect of an imposed Na þ load over synaptosomes stressed with hydrogen peroxide, a Ca 2 þ overload was observed that shares several features with that observed in HeLa cells and MDCK cells, requiring both extracellular Ca 2 þ and Na þ . Although the synaptosome study did not include measurement of Ca 2 þ permeability or cation pump activity, and a role for reverse NCX could not be ruled out, the Ca 2 þ rise was significantly attenuated by ouabain, implying a possible role for the Na þ pump. 39 Another possible non-epithelial example of ATP steal may occur in vascular endothelial cells, for tert-butyl hydroxyperoxide induced both an irreversible increase in cytosolic Ca 2 þ 40 and an increase in Na þ /K þ pump activity. 41 
Materials and Methods

Chemicals
Fluorescence dyes and pluronic acid were purchased from Molecular Probes (Eugene, OR, USA). Hydrogen peroxide was from Merck (Darmstadt, Germany). Ca 2 þ 45 (2 Ci/mmol) Radionuclide ( 45 Ca 2 þ ) was purchased from DuPont-New England Nuclear. The Micro BCAt Protein Assay Kit was from PIERCE (Rockford, IL, USA). Tissue culture reagents and chemicals were from Sigma (St. Louis, MO, USA).
Cell culture and viability measurements
HeLa cells, a human epithelial cell line, and MDCK, a canine epithelial cell line, were obtained from the American Tissue Culture Collection Cells, and cultured in Dulbecco's modified Eagle's medium supplemented with 7% fetal calf serum, at 371C in a humidified atmosphere of 5% CO 2 and 95% air. Cells between passage numbers 8 and 30 were exposed to experimental conditions in Krebs-Ringer-Hepes buffer (KRH; 136 mM NaCl, 10 mM Hepes, 4.7 mM KCl, 1.25 mM MgSO 4 , 1.25 mM CaCl 2 , pH 7.4) supplemented with 25 mM glucose (KRH-glc). In selected experiments, Na þ was replaced equimolarly by N-methyl-D-glucamine (NMDG þ ), K þ or Cs þ , whereas in others, Ca 2 þ was chelated by addition of 10 mM EGTA. In selected experiments, the cells were exposed to experimental conditions in Ca 2 þ -free medium (KRH-glc without CaCl 2 plus 500 mM EGTA). LDH, which is released during cell necrosis, was determined in cell supernatants by a colorimetric end point kit from Wiener Laboratory (Rosario, Argentina); results are expressed as percentage of maximum release, measured in the presence of 100 mM digitonin.
Measurement of cell volume by three-dimensional reconstruction
HeLa cells were transferred to microscopic four-well culture chambers (Nalge Nunc, Rochester, NY, USA) and incubated for 24-48 h before the experiments. Plasma membranes cells were stained for 30 min at 371C with 3 mM DiIC18. Three-dimensional stacks were captured at room temperature (22-241C) ). In control experiments, we observed that vertical sampling distances shorter than 1.2 mm did not improve the reliability of volume measurements (data not shown). In additional control experiments, cell volumes fluctuated less than B3% (standard deviation) over a 1 h period with sampling every 5 min. The signal to noise ratio of the images was improved by deconvolution with Huygens Professional (Scientific Volume Imaging BV, Hilversum, The Netherlands). All image processing routines for further analysis were written in IDL (Research Systems, CO, USA). First, segmentation of the cells from the background was achieved by fixing threshold values in the intensity histogram of the images. False positive regions and remaining holes were corrected by morphological filters based on region size. Remaining heterogeneities of the automated segmentation were corrected manually (PhotoStudio, ArcSoft Inc., www.arcsoft.com). Cellular volume was calculated by multiplying the unit voxel volume by the total number of segmented voxels.
Fluorescence measurements
All experiments were carried out at room temperature (22-241C). Confocal epifluorescence microscopy was carried out with an LSM 5 Pascal Zeiss confocal microscope. Fluo-3 and calcein were imaged at 488 nm excitation/505-550 nm emission, and PI was imaged at 543 nm excitation/560-615 nm emission. Simultaneous imaging of SBFI (340/ 380 nm excitation/510-560 nm emission) and Fluo-3 (485 nm excitation/ 510-560 nm emission) was with an Olympus IX70 microscope equipped with a Cairn monochromator (Faversham, UK) and a Hamamatsu Orca camera (Hamamatsu city, Japan). Dyes were ester-loaded at 5 mM for 30 min at room temperature in KRH-glc containing 0.02% pluronic. Deesterification period was 30 min. Oxonol, a negatively charged membranepermeable dye that loads in a manner proportional to membrane potential, 42 was equilibrated with the cells for 30 min at 4 mM before imaging by confocal microscopy (543 excitation/4585 nm emission). For all dyes, the average fluorescence value of regions of interest positioned 43 and were not affected by mM H 2 O 2 . To quantify Ca 2 þ using Fluo-3, the dye was calibrated with Mn 2 þ in ionomycintreated cells, as described. 44 
Cation permeability assays
To measure Na þ permeability, SBFI-loaded cells were preincubated for 30 min in KRH buffers in which Na þ had been replaced by NMDG þ or K þ , in the presence of 1 mM ouabain. After exposure to experimental conditions, the buffer was changed to 1 mM ouabain in KRH and SBFI was imaged as detailed above. Initial rates were obtained from the first derivative of a two-parameter exponential fitted to the time courses by nonlinear regression. To measure Ca 2 þ permeability, cells grown in sixwell culture plates were exposed to 45 Ca 2 þ 5 mCi in KRH-glc with no added Ca 2 þ for 30 min. Next, cells were washed three times with ice-cold PBS and the tracer was released with 1% of Triton, dissolved in scintillation fluid and quantified in a Berthold Luminometer (Pforzheim, Germany). Total soluble protein content per dishes was estimated by the bicinchoninic acid method. 45 Ca 2 þ uptake was expressed as c.p.m./mg protein in each dish. Membrane permeability to divalents was assessed using a Mn 2 þ quenching technique, modified from Hallam and Rink. 45 Briefly, after loading the cells with calcein, the entry of 5 mM MnCl 2 was monitored by the progressive quenching of the dye. Rates were obtained by fitting a linear function to the initial part of the quenching curve using minimum squares.
Assessment of PMCA activity
Two independent methods were used to estimate the capability of cells to extrude Ca 2 þ . Firstly, a rapid increase in cytosolic Ca 2 þ was induced in Fluo-3-loaded cells by mechanical stimulation with a blunt-ended glass micropipette (a 2 s touch) using an automated Eppendorf micromanipulator (Hamburg, Germany). Recovery to basal values was then monitored by confocal microscopy. Secondly, PMCA activity was quantified in Fluo-3-loaded cells using the protocol described by Klishin et al. 15 Intracellular Ca 2 þ stores were first emptied with 5 mM thapsigargin in the absence of extracellular Ca 2 þ , which leads to the activation of store operated Ca 2 þ channels (SOCs). Re-application of Ca 2 þ induces a sustained influx of the divalent through SOCs, with cytosolic Ca 2 þ reaching a new steady state when the activated PMCA matches the rate of entry. At this point, quick chelation of extracellular Ca 2 þ with 10 mM EGTA stops the entry, causing a fall in cytosolic Ca 2 þ whose rate corresponds to that of PMCA extrusion. Rates were compared in the same range of Fluo-3 fluorescence.
Assessment of Na
þ /K þ pump activity Na þ /K þ pump activity was determined at room temperature by measuring ouabain-sensitive 86 Rb þ /K þ uptake as detailed previously. 46 HeLa cells were grown at 80% confluency in 24-well plastic plates (Sarstedt, Germany). Before the uptake assay, cells were preincubated for 10 min in KRH and then with 32 mM H 2 O 2 in KRH for 15 or 30 min. Ouabain (1 mM) was added during the last 3 min of incubation and then the uptake assay was launched by addition of 86 Rb þ (1 mCi/ml; 2-7 mM). After 7 min of uptake, extracellular radioactivity was removed by washing thrice with ice-cold KRH. Control experiments showed that ouabainsensitive uptake is linear for at least 12 min under these conditions. Radioactivity was extracted with 0.2 N NaOH for 2 h, neutralized with HCl and counted with a Packard Tricarb liquid scintillation analyzer (model 1600 TR).
Calculation of electrochemical potentials
The free energies required by the Na þ /K þ pump ðDG Na þ =K þ pump Þ and by the PMCA (DG PMCA ) were calculated with the equations
where R is the gas constant ( 
Statistical analysis
Data are presented as means7S.E.M. (8-10 cells) unless otherwise stated. In some cases, the errors were smaller than the symbols. Regression analyses were performed with SigmaPlot (Jandel Corp.). Statistical significance was assessed using Student's t-test to compare two samples. Differences between means were considered significant at Po0.05.
